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Broad host range entomopathogenic fungi such as Beauveria bassiana attack insect hosts 
via attachment to cuticular substrata and the production of enzymes for the degradation 
and penetration of insect cuticle. The outermost epicuticular layer consists of a complex 
mixture of non-polar lipids including hydrocarbons, fatty acids, and wax esters. Long chain 
hydrocarbons are major components of the outer waxy layer of diverse insect species, 
where they serve to protect against desiccation and microbial parasites, and as recognition 
molecules or as a platform for semiochemicals. Insect pathogenic fungi have evolved 
mechanisms for overcoming this barrier, likely with sets of lipid degrading enzymes with 
overlapping substrate specificities. Alkanes and fatty acids are substrates for a specific 
subset of fungal cytochrome P450 monooxygenases involved in insect hydrocarbon 
degradation. These enzymes activate alkanes by terminal oxidation to alcohols, which 
are further oxidized by alcohol and aldehyde dehydrogenases, whose products can enter 
p-oxidation pathways. B. bassiana contains at least 83 genes coding for cytochrome P450s 
(CYP), a subset of which are involved in hydrocarbon oxidation, and several of which 
represent new CYP subfamilies/families. Expression data indicated differential induction 
by alkanes and insect lipids and four CYP proteins have been partially characterized after 
heterologous expression in yeast. Gene knockouts revealed a phenotype for only one 
(cyp52X1) out of six genes examined to date. CYP52X1 oxidizes long chain fatty acids 
and participates in the degradation of specific epicuticular lipid components needed for 
breaching the insect waxy layer. Examining the hydrocarbon oxidizing CYP repertoire of 
pathogens involved in insect epicuticle degradation can lead to the characterization of 
enzymes with novel substrate specificities. Pathogen targeting may also represent an 
important co-evolutionary process regarding insect cuticular hydrocarbon synthesis. 
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INTRODUCTION 

Insect cuticles are a significant source of hydrocarbons in ter- 
restrial ecosystems and remediation and turnover of these com- 
pounds is critical for the maintenance and flux of normal 
carbon cycles. Yeasts and filamentous fungi are known to degrade 
rt-alkanes and although significant portions of the biochemical 
pathways regarding alkane catabolism have been described, much 
remains obscure. The insect epicuticle or waxy layer represents 
the first barrier to environmental threats including external com- 
pounds such as chemical and biological pesticides. This thin layer 
on the outer surface of the insect is comprised of a complex mix- 
ture of lipids that include abundant amounts of straight-chain 
and methyl-branched, saturated and unsaturated hydrocarbons. 



Pathogenicity to invertebrates is represented by primitive fungi 
and is postulated to have arisen simultaneously with the emer- 
gence of insects approximately 500 million years ago (Berbee and 
Taylor, 2001). The ancient Chinese noted the lethal effects of fungi 
on silkworms and cicadas more than 2 millennia ago (Roberts and 
Humber, 1981) and Augustino Bassi in the 1830s used strains of 
Beauveria (bassi)ana as a model for his germ theory of disease 
in animals (Steinhaus, 1956). Due to their dispersal within most 
major fungal taxonomic groups, fungal-insect pathogens repre- 
sent lifestyle adaptations that have likely evolved numerous times 
(Khachatourians, 1996; Goettel et al., 2000). B. bassiana has an 
exceptionally broad host range and is being studied for use as a 
biological control for a diverse range of insects (Figure 1). This 
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FIGURE 1 | B. bassiana has an exceptionally broad host range that 
spans across Arthropoda classes, from insects including; wasps (A), 
fire ants (B), bark beetles (C), and mole crickets (D) to arachnids such 



as mites and ticks (E). Cuticle penetration (F) and conidiogenesis from 
host cadaver (G) are also illustrated. (Images courtesy of D. Boucias and 
N. O. Keyhani). 



host range includes insects that act as disease vectors and nui- 
sance pests, crop pests, and even ecologically hazardous, invading 
pests, with recent studies highlighting the potential of ento- 
mopathogenic fungi as agents in combating the spread of malaria 
by controlling mosquito populations and in protecting agricul- 
tural crops from marauding locusts (Inglis et al, 2001; Kirkland 
et al, 2004b; Scholte et al., 2005; Fan et al., 2012a,b). 

B. bassiana is a facultative saprophyte that belongs to the 
Hypocrealean order within the Ascomycota, and has evolved 
sophisticated mechanisms for penetrating the formidable bar- 
rier that constitutes the insect/arthropod exoskeleton or integu- 
ment (Ferron, 1981; Binnington and Retnakaran, 1991; St Leger, 
1991; Clarkson and Charnley, 1996). Interspersed within the 
cuticle barrier are biochemical components such as toxic lipids 
and phenols, enzyme inhibitors, proteins, and other defensive 
compounds that entomopathogens must overcome for success- 
ful virulence (Hackman, 1984; Renobales et al., 1991; Anderson 
et al., 1995). Pathogens must cope with hydrophobic barriers, 
electrostatic charges, low relative humidity, low or sequestered 
nutrient levels, endogenous microbial flora, and cross-linked pro- 
teins that contribute to a stiff cuticle (St Leger, 1991). Successful 
pathogenic fungi must also thwart infection-induced responses 
such as melanization and hemocyte activation (Pendland et al., 
1993; Riley, 1997). The overall process of arthropod infection by 
pathogenic fungi involves many steps (Charnley and St Leger, 
1991; Holder and Keyhani, 2005; Lewis et al, 2009; Wanchoo 
et al., 2009) that include complex systems for (1) finding (likely 
via passive mechanisms) the appropriate insect host(s), (2) adher- 
ing to the exoskeletal substrata, (3) evading host defenses, 
(4) penetrating and degrading the cuticle, (5) transporting to the 
cytoplasm and catabolizing necessary nutrients (carbon/nitrogen, 



external products of the degradation), and (6) dispersing from 
the catabolized host(s). Infection involves the production of spe- 
cialized infection structures (appressoria), penetration of the 
cuticle and surrounding tissues by elongating hyphae (reaching 
the hemolymph), and the production of single celled hyphal bod- 
ies or blastospores within the hemolymph that are able to evade 
the host immune cells (Hung and Boucias, 1992; Pendland et al., 
1993; Kurtti and Keyhani, 2008; Bidochka et al, 2010). 

Progress has been made in uncovering some of the molecu- 
lar and biochemical determinants of B. bassiana virulence. These 
include descriptions of suites of hydrolases, including proteases, 
lipases, and phosphatases and the production of numerous toxic 
metabolites such as beauvericins, oosporein, and oxalic acid. 
However, little is known concerning the degradation and/or pen- 
etration of the initial barrier that must be overcome for successful 
infection to occur, in particular the hydrocarbons that constitute 
the insect epicuticle or waxy layer. 

BIOSYNTHESIS OF INSECT HYDROCARBONS 

Insect cuticular lipids are comprised of a diverse array of 
compounds with much variation in content and composition 
(Blomquist and Dillwith, 1985; Lockey, 1988; Buckner, 1993; 
Nelson and Blomquist, 1995) (Figure 2). This variation extends 
to the different life stages (adults, nymphs, larvae) and lar- 
val instars of each insect. The composition of surface lipids 
has profound consequences impacting ecological and behav- 
ioral aspects of the insect. Aside from acting as a barrier to 
desiccation and potential microbial pathogens, surface hydro- 
carbons contribute to numerous biochemical, physiological, and 
semiochemical (behavior and signaling) functions. These include 
roles as species, nest mate, and caste recognition cues and as 
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FIGURE 2 I Initial aspects of the fungal-insect interaction: the insect 
cuticle and its hydrocarbon contents. Image adapted from (Noble-Nesbitt, 
1991). The inner, outer, wax, cement, and bloom layers are often considered 



as the epicuticle, with the pore canals, that transverse the exo-, plus the 
meso-, and endocuticle portions (not shown in figure) comprising the 
procuticle. 



a reservoir for a suite of pheromones responsible for sexual 
attraction, epideictic (insect display behavior), territorial mark- 
ers, alarm, recruitment, chemical defense, and thermoregulation 
(Blomquist et al., 1987; Singer, 1998; Howard and Blomquist, 
2005). Additional roles involve predator-prey and parasitoid-host 
interactions, mimicry and camouflage (Howard, 1993; Dettner 
and Liepert, 1994). Cuticular lipids include compounds with 
antifungal activity and components toxic to entomopathogenic 
fungi (Koidsumi, 1957; Smith and Grula, 1982; Saito and Aoki, 
1983; Golebiowski et al., 2008). Hydrocarbons, mainly M-alkanes, 
alkenes and methyl-branched chains, are the most common epi- 
cuticular lipids. In insects, hydrocarbon are synthesized from fatty 
acids via an elongation-dexcarboxylation pathway which com- 
prises (1) elongation of fatty acyl-CoAs, (2) fatty acids reduction 
to aldehydes by acyl-CoA reductases, and (3) conversion of fatty 
aldehydes to alka(e)nes with one less carbon, in an oxidative 
descarbonylation process catalyzed by cytochrome P450 enzymes 
(Blomquist et al, 1987, 1993; Nelson, 1993; Qiu et al, 2012). 
Cuticular hydrocarbons appear to be synthesized in oenocytes, 
large specialized cells rich in endoplasmic reticulum (ER) and 
mitochondria. Depending upon the insect species, oenocytes 
can be found within the epidermis, the peripheral (subcuticu- 
lar) fat body or the hemocoel (Schal et al., 1998; Bagneres and 
Blomquist, 2010). Significant aspects of the export and depo- 
sition of hydrocarbons on the insect surface remain obscure 
particularly since it appears that certain parts of the insect do 
not synthesize hydrocarbons. It is known, however, that some 
hydrocarbons are transported after synthesis (presumably in the 
oenocytes) likely via the hemolymph to sites of deposition by 
reusable lipoproteins known as lipophorins, which shuttle the 
hydrocarbons among tissues without entering cells (Chino and 
Kitazawa, 1981; Van Heusden et al., 1991). Several hemolymph 
lipophorins have been characterized which are capable of binding 
newly synthesized hydrocarbons from oenocytes to the epicuticle 



(Gu et al., 1995; Schal et al, 1998). However, as mentioned, the 
mechanism of uptake, crossing of the integument, and deposition 
and/or assembly on the epicuticle remains unknown (Schal et al., 
1998; Bagneres and Blomquist, 2010). 

DEGRADATION OF INSECT EPICUTICLULAR 
HYDROCARBONS BY ENTOMOPATHOGENIC FUNGI 

The initial interaction between the fungal infectious propagule, 
i.e., spores, conidia, or blastospores, and the insect host occurs at 
the level of the insect epicuticle. It is likely that insect pathogenic 
microbes such as B. bassiana are able to recognize, assimilate 
and/or alter specific hydrocarbons, which in turn can impact 
the behavior and ecology of the insect host. Thus, an intrigu- 
ing corollary to the pathogen-insect interaction is that the action 
of the fungus via enzymatic modification/degradation of insect 
cuticular compounds can have a dramatic effect on insect behav- 
ior. For instance, by degrading specific pheromones, behaviors 
such as grooming or nest mate recognition can be modified. 
Either the host or the pathogen could exploit these effects, i.e., 
target insects may detect infected individuals as foreign and 
quarantine/eliminate them (benefiting the host) or induction 
of behaviors such as enhanced grooming might act as a means 
for increased dissemination of the pathogen (although grooming 
typically helps eliminates microbes). 

As described above, hydrocarbons, especially n-alkanes, 
n-alkenes, and methyl-branched chains, represent one of the 
major components of the epicuticle and have been extensively 
studied (Blomquist and Dillwith, 1985; Blomquist et al., 1987; 
Lockey, 1988). Insect hosts for examining fungal mediated alkane 
degradation include the grasshoppers, Schistocerca americana 
(Drury) and Melanoplus sanguinipes (Fabricius). The alkane com- 
ponent of the surface lipids of S. americana ranges from 25 to 35% 
of the total hydrocarbons present, covering chain lengths from 
C23-C35. Odd chain hydrocarbons predominate, with the major 
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components being C25 , C27, C29, C31 , and C33 (Lockey and Oraha, 
1990; Espelie et al, 1994). Similar values have been reported for 
the surface lipid composition of M. sanguinipes with C27 and C29 
predominating, but also including C23 (Gibbs et al., 1990; Gibbs 
and Mousseau, 1994). B. bassiana can grow on most of these 
alkanes as a sole source of carbon. 

Alternations in hydrocarbon content during fungal infection 
of various insects have been noted (Lecuona et al., 1991; Jarrold 
et al., 2007). Differences in the hydrocarbon content of the waxy 
layer can have profound effects on fungal pathogenesis. Some 
hydrocarbons inhibit spore germination, while others stimu- 
late germination and growth (Smith and Grula, 1982; Saito and 
Aoki, 1983). Cuticular hydrocarbons can also promote (Boucias 
and Pendland, 1984; Boucias et al, 1988) or inhibit (Lord and 
Howard, 2004) fungal attachment to cuticle, and specific com- 
ponents may act as chemical inducers for the production of pene- 
trant germ tubes on hosts (Kerwin, 1984; Latge et al, 1987). Spore 
germination and hyphal growth on insect lipids using pathogenic 
and non-pathogenic Beauveria strains toward the European com- 
mon cockchafer (Melolontha melolontha L.) revealed inhibition 
of growth of the non-pathogenic strain by cuticular pentane 
extracts derived from the cockchafer, whereas no inhibition of 
growth of the pathogenic strains was observed (Lecuona et al., 
1997). Pentane extracts of two closely related tick species, one 
highly susceptible to B. bassiana (Amblyomma maculatum Koch) 
and the other somewhat resistant to fungal infection (A. ameri- 
canum L.), revealed inhibition of fungal germination in the case 
of A. americanum but good growth on the A. maculatum extracts 
(Kirkland et al., 2004a). B. bassiana has been shown to uti- 
lize several insect hydrocarbons including aliphatic and methyl 
branched alkanes (Napolitano and Juarez, 1997). C28 and C24 
alkanes were degraded by B. bassiana mainly into free fatty acids, 
phospholipids, and acylglycerols, with alkane grown cells produc- 
ing n-decane as a volatile organic compound as a by-product of 
the f5-oxidation reactions (Crespo et al., 2000, 2008). Similarly, 
the major components of the larvae of the blood-sucking bug 
Triatoma infestans Klug (an important vector of human disease 
causing microbes) epicuticle includes C29, C31, and C33 are able 
to promote B. bassiana growth (Napolitano and Juarez, 1997). 
Radiolabeled hydrocarbons have been used to investigate the 
catabolic pathways of alkane degradation in B. bassiana, and 
these data support a degradative pathway involving fl-oxidation 
by a cytochrome P450 enzyme system, followed by peroxisome 
mediated successive transformations to yield the appropriate fatty 
acyl CoA as further described below (Pedrini et al., 2006, 2007). 
Alkane growth has been linked to increased virulence, with B. 
bassiana cells grown on alkane containing media displaying a 
dramatic 2-4-fold increase in mortality against the bean weevil 
Acanthoscelides obtectus, when compared to cells grown on glu- 
cose (Crespo et al, 2002). These data indicate that B. bassiana 
mediated alkane degradation represents a key metabolic pathway 
that is linked to the entomopathogenic nature of the fungus. 

n-ALKANE ASSIMILATION IN FUNGI 

Little is known concerning how alkanes are taken up and trans- 
ferred into cells by fungi. Active transport appears to be involved 
and n-alkane uptake experiments performed in Cladosporium 



resinae in the presence of metabolic uncouplers indicate that the 
uptake of alkanes in fungi comprises (1) passive adsorption to the 
outer cell surface where long hair-like structures are formed upon 
alkane binding, also seen in alkane-grown Candida tropicalis and 
B. bassiana cells (Kappeli et al, 1984; Juarez et al., 2004) and (2) 
an energy-requiring transfer of the unmodified alkane into the 
cytosol (Lindley and Heydeman, 1986). Typically, after binding 
the cell surface, n-alkanes are solubilized in order of increasing 
molecular weight (Goma et al., 1973; Reddy et al., 1982; Cameotra 
et al., 1983; Lindley and Heydeman, 1986). Subsequently, these 
alkanes are shuttled into the cell inside of membrane-bound vesi- 
cles likely by a process of pycnocytosis (Meisel et al., 1973;Cooney 
et al, 1980; Lindley and Heydeman, 1986). Although unclear, the 
role of these membrane-bound vesicles is thought to provide con- 
tinuous input of alkanes while avoiding the potential toxicity of 
insoluble alkanes floating in the cytosol (Lindley and Heydeman, 
1986). 

Many fungi have developed metabolic systems to assimilate n- 
alkanes as carbon sources via the activities of cytochrome P450 
mono-oxygenases (Figure 3) (Lindley, 1995; Van Beilen et al., 
2003; Singh, 2006; Rojo, 2010). However, while much is known 
about these enzymes in n-alkane assimilating yeasts, such as 
Candida maltosa and Yarrowia lipolytica, their orthologs in fila- 
mentous fungi have not yet received adequate attention. In yeasts 
cytochrome P450ALKs (alkanes), belonging to the CYP52 fam- 
ily (Nelson, 2009), are thought to catabolize n-alkanes. Where 
examined, in yeasts, the pathway starts with terminal hydrox- 
ylation of alkanes to fatty alcohols by P450ALKs in the ER, 
and further oxidation to fatty aldehydes either by the fatty 
alcohol dehydrogenase (FADH) in the ER or by fatty alco- 
hol oxidase (FAOD) in the peroxisome. Whether in the ER 
or peroxisome, fatty aldehydes are oxidized by fatty aldehyde 
dehydrogenases (FALDHs) to fatty acids that are further acti- 
vated by acyl-CoA synthetases (ACS I and/or ACS II). The 
activated fatty acids are then utilized in membranes or storage 
lipids, or degraded in the peroxisome via f5-oxidation to yield 
acetyl-CoA (Fickers et al, 2005). Similarly, in filamentous fungi, 
the hydroxylation of the terminal methyl group of n-alkanes 
is carried out in the ER by (specific) cytochromes P450s that 
are coupled to general NADPH-cytochrome P450 reductases. 
The resultant fatty alcohol can also be catabolized to activate 
fatty acid in the mitochondrion in addition to ER and perox- 
isome. The activated fatty acids are catabolized to acetyl-CoA 
by fJ-oxidation in the peroxisome and/or the mitochondrion 
(Figure 4). 

In both yeast and filamentous fungi, although there has been 
little examination of the central pathways of alkane metabolism, it 
is considered to involve a predominantly amphibolic tricarboxylic 
acid cycle with high glyoxylate bypass activity and gluconeogene- 
sis. Such a metabolic pathway results in highly reduced co-enzyme 
and acetyl-CoA production, with the latter compound feed- 
ing anabolic pathways. Alternate pathways include diterminal or 
subterminal oxidation of alkanes whose products are ultimately 
assimilated via f5-oxidation reactions, where in the latter case 
a mixture of secondary alcohols can be formed which are first 
metabolized to yield the corresponding primary alcohols (which 
then undergo dehydrogenation) and organic acids (Figure 4). 
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There remain, however, many unanswered biochemical questions 
regarding M-alkane assimilation by fungi. 

ALKANE CATABOLIC PATHWAY AND CYTOCHROME P450s IN 
B. bassiana 

B. bassiana is likely to contain novel enzymes due to the diverse 
nature and large chain lengths of the hydrocarbon constituents of 
the insect waxy layer. In the pre-genomic era we identified several 
genes implicated in alkane degradation in B. bassiana, by explor- 
ing our EST dataset (Cho et al., 2006a,b). These included eight 
cytochrome P450 genes (CYP) encoding enzymes with puta- 
tive specificity for alkanes (Pedrini et al, 2010), four catalases, 
and long chain alcohol and aldehyde dehydrogenases (Table 1). 
Overall, we have identified at least 12 additional P450 genes (for a 
total of at least 20 P450 genes in B. bassiana) in EST dataset with 
substrates specificities for a range of compounds besides alkanes. 
The recent release of B bassiana complete genome (Xiao et al, 
2012) has permitted the extension of this list of genes as fol- 
lows; 77 CYP genes with families and subfamilies assigned, five 
catalases and at least 22 alcohol dehydrogenases and 1 1 aldehyde 
dehydrogenases. 

From genome analyses, fungi have a large diversity in P450 
content. Yeasts such as S. cerevisiae, C. albicans, and Y. lipoly- 
tica contain 3, 10, and 17 identified P450 ORFs, respectively. 



Filamentous fungi such as Neurospora crassa, Magnaporthe grisea, 
and Fusarium oxysporum, contain 43, 139, and 170 putative P450 
enzymes, respectively, and the basidiomycetes, Phanerochaete 
chrysosporium and the brown rot fungus, Postia placenta con- 
tain 145 and 353, P450 ORFs, respectively (Source: Fungal 
Cytochrome P450 DataBase). Other insect pathogens, such as 
Metarhizium robertsii and M. acridum, have 123 and 100 CYP 
genes, respectively (Gao et al., 2011). Thus from genomic analy- 
ses, fungi and plants appear to contain the largest complements 
of CYP genes, probably due to the diversity of both primary 
and secondary metabolism, and xenobiotic transformation and 
detoxification pathways. 

Within the P450 superfamily, genes are assigned into families 
and subfamilies based mainly on amino acid sequence identity. 
Genes are assigned to families when they share greater than 40% 
amino acid identity with reference sequences and are assigned to 
subfamilies when they are more than 55% identical (Nelson et al, 
1996). A higher order for grouping P450 genes, called the clan, 
has been proposed and applied to studies of P450s from different 
Kingdoms. The introduction of clan categories attempts to group 
genes based on robust phylogenetic relationships. Genes within 
a clan likely diverged from a common ancestor gene (Nelson, 
1999) and may share common functions (Nelson, 1998). In fungi, 
few phylogenetic studies using P450s have been reported. In the 
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FIGURE 4 | Sub-cellular distribution of hydrocarbon catabolic enzymes. 



basidiomycete P. chrysosporium, 12 CYP families were classified 
into 11 clans (Doddapaneni et al, 2005), whereas the sum of the 
four ascomycetes Aspergillus nidulans, N. crassa, F. graminearum, 
and M. grisea has a total of 376 P450 genes that were assigned to 
168 families clustered into 115 clans (in average 42 families and 
29 clans per species) (Deng et al., 2007). The availability of the B. 
bassiana genome has contributed to the further annotation of the 
diversity of fungal P450s; from our analysis at least 15 sequences 
represent the founding members of a new cytochrome P450 fam- 
ily (20% of total P450s), and 21 genes (27%) appear to represent 
the first members of new subfamilies (Table 2). 

Genome mining of B. bassiana indicates the presence of two 
clans that represent 45.5% of total P450 genes: CYP52 and 
CYP53 clans (Table 2). The CYP52 family, part of the CYP52 
clan, was originally identified in alkane assimilating yeast, and 
identified to have a role in terminal hydroxylation of n-alkanes 
and fatty acids. This clan includes the highest gene number per 
family in B. bassiana, with five genes in each of the families 
CYP52 and CYP584 (the CYP584 family is part of the CYP52 
clan). Two genes, belonging to the CYP52 family, have been 
(partially) characterized in B. bassiana, with evidence that they 
participate in both hydrocarbon and insect lipid degradation 
(Pedrini et al., 2010; Zhang et al, 2012). However, BbCYP584Ql 
showed little to no induction in any of the alkane growth 
conditions examined (Pedrini et al., 2010). Other members of 
this clan (BbCYP539B5 and BbCYP655Cl) are induced in the 



presence of Ci6, C20, C24, C28, and T. infestans lipid extract 
carbon sources (Pedrini et al, 2010). A phylogenetic analysis 
of the CYP52 clan revealed that these genes fall into discrete 
clusters (Figure 5). The significant divergence in amino acid 
sequence observed may indicate substrates beyond alkanes and/or 
likely reflects distinct biological roles for subsets of these pro- 
teins. The CYP53 family was first described as including ben- 
zoate 4-hydroxylases in A. niger and Rhodotorula minuta. B. 
bassiana has several candidate genes that fall within the CYP53 
clan (Figure 6). Amongst these, BbCYP53A26, is induced in 
the presence of various hydrocarbons and insect lipids (Pedrini 
et al., 2010), suggesting that this fungus employs a differen- 
tiated strategy for hydrocarbon-assimilation using a variety of 
enzyme classes. However, not all identified cytochromes may be 
directly involved in lipid assimilation. For example, B. bassiana 
CYP655C1 (CYP52 clan) expression was strongly induced by 
hydrocarbons and insect lipids, but it appears to be involved in 
tenellin synthesis (with aromatic intermediates) (Doddapaneni 
et al., 2005), indicating that lipid may act as signals for the 
biosynthesis of select fungal secondary metabolites. In the basid- 
iomycete, P. chrysosporium, seven members belonging to the 
CYP63 family have been identified which all can be classified 
under the CYP52 clan. All seven genes showed transcriptional 
induction with alkanes, mono-aromatic and polycyclic aromatic 
hydrocarbons, and also alkyl-substituted aromatics compounds 
(Yadavetal, 2006). 
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Table 1 | Candidate genes involved in alkane degradation identified in the B. bassiana EST dataset. 



Gene (accession No.) 


Putative function 


Gene knockout 
available? 


Phenotype 


References 




CYP52(X1) (GU566074) 


Lipid oxidation 


Yes 


Decreased virulence in insect topical assays/no 
effect in intrahemoceol injection assays 


Zhang et al.. 


2012 


CYP655(C1) (AM409327) 


Lipid oxidation 


Yes 


No phenotype detected thus far 


This study 




LYP5337(A1 ) 


Lipid oxidation 


Yes 


No phenotype detected thus far 


This study 




(GU566075) 












CYP52(G11) (GU566076) 


Lipid oxidation 


Yes 


No phenotype detected thus far 


This study 




CYP539(B5) (GU566077) 


Lipid oxidation 


No 








CYP617(N1) (GU566078) 


Lipid oxidation 


Yes 


No phenotype detected thus far 


This study 




CYP53(A26) (GU566079) 


Lipid oxidation 


Yes 


No phenotype detected thus far 


This study 




CYP584(Q1) (GU566080) 


Lipid oxidation 


No 


— 






catA (spore-specific) 




Yes 


Decreased virulence, thermotolerance and UV 
resistance. Not tested for alkane degradation 


■ et al., 


2012 


catB (secreted) 


H2O2 scavenging 


Yes 


Not tested for alkane degradation 


Wang et al., 


2012 


catP (peroxisomal) 


p-oxidation pathway 


Yes 


Decreased virulence. Not tested for alkane 
degradation 


Wang et al., 


2012 


catC (cytoplasmic) 


H2O2 scavenging 


Yes 


Not tested for alkane degradation 


Wang et al., 


2012 


i-iptn IcorrotoH 

LiOlLJ \OCOICLCU 


I— 1.->(~1.-> cra>/onninn 
i 1 2 2 o^civciiyM ly 


Yes 


riorroacorl winilonfo anH I l\/ rocictanro Klnt 
UcLI caocU VI 1 UICI IOC CI 1 IVJ w V 1 Colo LCI 1 IOC- liUl 


\A/ann ot al 
V Val iy C L al . , 


2012 


peroxidase/catalase) 






tested for alkane degradation 






Acyl CoA oxidase 


p-oxidation pathway 


No 


N/A 


N/A 




3-oxoacyl carrier protein 


Biosurfactants 


No 


N/A 


N/A 




reductase 


synthesis/transport 










ADH-2 FALDH 


Long-chain alcohol and 
aldehyde dehydrogenase 


No 


N/A 


N/A 





CYTOCHROME P450 EXPRESSION IN B. bassiana 

The expression pattern of eight B. bassiana cytochrome P450 
enzymes has been examined under a variety of conditions 
(Pedrini et al, 2010). Cells grown in minimal media containing 
either Ci6, C24, or C28 as the sole source of carbon showed signifi- 
cant induction of several of the cytochrome P450 genes by growth 
on specific alkanes as compared to glucose grown cells. Of the 
set of B. bassiana cytochrome p450 examined, enzymes belong- 
ing to the families CYP52(X1) and CYP617(N1) showed only 
slight to moderate induction in the alkanes tested. In contrast, Bb- 
CYP655(C1) and Bb-CYP52(G11) were induced >200-fold in all 
alkanes tested (Ci6, C24, and C28), with Bb-CYP655(C1) display- 
ing maximal induction by C24. Bb-CYP5337(A1) showed slight 
induction when grown on Ci6 and C24, but >200-fold when 
grown on C28, indicating that it may be important for oxidation 
of longer chain length alkanes. Bb-CYP53(A26) displayed only 
minor induction when grown on Ci6, but > 200-fold by C24 and 
C28- Bb-CYP584(Q1) displayed only minor to moderate induc- 
tion when grown on Ci6 and C28, but > 200-fold by C24. These 
data support a model indicating the presence and importance of a 
suite of P450 enzymes with overlapping but distinct substrate and 
expression specificities, particularly since P450s are well-known 
to be induced by their substrates (Montellano, 2005). 

Thus far, the expression patterns of these P450s have only 
been examined after fungal growth on insect-derived lipids 
from the blood-sucking bug, T. infestans (Pedrini et al, 2010). 
Similar to what was observed for the pure alkanes, three distinct 
induction profiles were noted: Bb-CYP655(C1) and CYP617(N1) 



were highly induced (>200-fold), Bb-CYP52(X1), CYP5337(A1), 
and CYP53(A26) were moderately induced (>30-fold), and Bb- 
CYP539(B5), CYP52(G1), and CYP584(Q1) displayed low to no 
induction, i.e., 12-fold, 4-fold, and no induction, respectively 
when grown in T. infestans cuticular lipid extracts. Since the 
content and structure of hydrocarbons and lipids shows consid- 
erable variation not only between diverse insect but sometimes 
between the various life stages of a particular insect, it is intrigu- 
ing to hypothesize that hydrocarbon assimilating cytochrome 
P450s may act as partial specificity factors, helping to account 
for the broad host range of entomopathogenic fungi such as B. 
bassiana. Thus, such an idea would predict that individual mem- 
bers of B. bassiana P450 (lipid assimilating) repertoire would 
differentially contribute to the pathogenic process depending 
upon insect target. Further examination of the expression profiles 
of the P450s after growth on different insects would help shed 
light on this issue. In addition, knowledge concerning the contri- 
butions and/or importance of individual P450s to the ability of 
the fungus in targeting specific insects could be used to manipu- 
late, i.e., increase, the virulence of the fungus toward those targets, 
e.g., by increasing the expression levels of critical P450s. 

GENETIC DISSECTION OF THE ALKANE PATHWAY: 
CYTOCHROME P450s 

To date, the role of a single cytochrome P450, Bb-CYP52(X1) has 
been investigated genetically in B. bassiana (Zhang et al., 2012). A 
targeted gene knockout mutant of Bb-CYP52(X1) did not display 
any noticeable growth defects on any substrates tested including 
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Table 2 | Cytochrome P450 monooxygenase genes (CYP) in 
B. bassiana. 



CYP clan 


CYP family 


CYP subfamily 


CYP 54 


CYP 503 


B1 


CYP 504 


CYP 504 


A6, B10, E1, E5 


CYP 505 


CYP 505 


A1 (CYPOR), A2, D4 


nd 


CYP 5060 


A1 


CYP 531 


CYP 5080 


B3 


CYP 56 


CYP 5099 


A1 


CYP 51 


CYP 51 


F1, F2 


CYP 52 


CYP 52 


XI, T1, G6, G8, G11 


nd 


CYP 5202 


A1 


CYP 526 


CYP 526 


H1 


nd 


CYP 5262 


A3 


CYP528 (kr)/53 (dn) 


CYP 528 


A4 


nd 


CYP 5280 


A1P 


nd 


CYP 5282 


A1 


nd 


CYP 5293 


A1, A2 


CYP 53 


CYP 53 


A11, A26 


nd 


CYP 5337 


Al 


CYP 534 


CYP 534 


C2 


CYP 537 (kr)/53 (dn) 


CYP 537 


A4 


CYP 52 


CYP 539 


B1, B5 


CYP 540 


CYP 540 


B16 


CYP 505 


CYP 541 


A2 


CYP 58 (kr)/53 (dn) 


CYP 542 


B1, B2, B3 


CYP 548 (kr)/53 (dn) 


CYP 548 


A5 


CYP 58 


CYP 551 


C1 


CYP 56 


CYP 56 


C1 


CYP 65 (kr)/53 (dn) 


CYP 561 


D2P 


CYP 507 (kr)/53 (dn) 


CYP 570 


A1, H1, E2, 


CYP 578 


CYP 578 


A2 


CYP 58 


CYP 58 


A3 


CYP 52 


CYP 584 


D4, E2, E7, G1, Q1 


CYP 59 


CYP 586 


B1 


nd 


CYP 6001 


C8 


nd 


CYP 6003 


A1 


nd 


CYP 6004 


A2 


CYP 61 


CYP 61 


A1 


CYP 547 


CYP 617 


A1, A2, Nl 


CYP 533 


CYP 620 


C2, D1 


CYP 533 


CYP 621 


A2 


CYP 559 


CYP 623 


C1 


CYP 578 (kr)/53 (dn) 


CYP 625 


A1 


nd (kr)/53 (dn) 


CYP 628 


A2 


CYP 639 


CYP 639 


A3 


CYP 645 


CYP 645 


A1 


CYP 65 


CYP 65 


A1, T7 


CYP 52 


CYP 655 


£1 


CYP 550 


CYP 660 


A2 


CYP 68 


CYP 68 


N1 


CYP 58 (kr)/53 (dn) 


CYP 682 


H1, N1 



(Continued) 



Table 2 | Continued 

CYP clan CYP family CYP subfamily 

CYP 58 (kr)/53 (dn) CYP 684 A2, B2 

Total 77 

New CYP family 15(19.5%) 

New CYP subfamily 21(27.3%) 

The genes with experimental evidence of involvement in both hydrocarbon and 
insect lipid degradation are underlined. 

Source: Xiao et al. (2012). Kr, It was generated via the implemented pipeline 
in the Fungal Cytochrome P450 Database; dn, Nelson's curation; nd, not 
determined (neither by kr nor dn). 

alkanes ranging from C9-C28, fatty acids, e.g., oleic, linoleic, 
stearic, palmitic, myristic, and lauric acids, or in media contain- 
ing olive oil. Intriguingly, neither wild type nor the mutant strain 
was able to grow on pelargonic acid. A grasshopper wing assay 
in which fungal spores are deposited onto dissected wings and 
germination/fungal growth was measured, however, revealed a 
difference between the wild type and ABb-CYP52(Xl) strains. 
Germination of the mutant strain on the grasshopper wings was 
50% lower than the wild type or complemented mutant strains, 
the latter representing a mutant strain in which the wild type gene 
was retransformed into the fungus under control of its endoge- 
nous promoter. Perhaps the most interesting results dealt with the 
virulence of the mutant strain in insect bioassays. As previously 
mentioned, B. bassiana infects target host via (random) attach- 
ment to the cuticle, followed by germination, hyphal growth 
along the surface, and penetration through the cuticle into the 
insect hemocoel. Topical application of fungal conidia (spores) 
represents that "natural" route of infection, and experiments per- 
formed using the Greater Waxmoth, Galleria mellonella, indicated 
a 25-50% reduction in virulence (time to kill, LT50 value) in the 
ABb-CYP52(Xl) strain as compared to the wild type and com- 
plemented strains. Cuticle penetration can be bypassed, however, 
by directly injecting the fungal cells into the insect hemoceol. In 
such experiments, i.e., intrahemoceol injection assays, the mutant 
strain was as virulent as the wild type parent. These data support 
a hypothesis that certain cytochrome P450 enzymes are impor- 
tant for cuticle penetration events, presumably via assimilation 
or detoxification of cuticular substrate for the enzyme, but that 
these P450s are not required for post-penetration events once 
the cuticle has been breached. An important piece of the puz- 
zle, however, remains obscure, namely, since P450s are ER-derived 
membrane bound proteins, how are their (cuticular) substrates 
accessed and/or transported to the proteins? 

We have also constructed targeted gene knockouts of the 
six out of eight of the other identified cytochrome P450 
enzymes implicated in insect hydrocarbon degradation (Table 1). 
However, to date, no phenotype with respect to growth or ger- 
mination on lipids or virulence has been noted for any of 
these mutants (data not shown). These results may not be 
too surprising for several reasons. First, due to the potential 
redundancy and/or (partial) overlapping substrates specificities 
of these enzymes single gene knockout like we have constructed 
may not display any noticeable phenotypes. This has been also 
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FIGURE 5 I Continued 
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FIGURE 5 | Maximum likelihood phylogenetic tree of clan 52 
cytochrome P450s. The putative conserved domains for each protein 
were picked up from the conserved domain database (CDD) 
(Marchler-Bauer et al., 2011), and aligned using MUSCLE. The multiple 
sequence alignment was cured with Gblocks. PhylML was used to build 



observed in Y. lipolytica, where the abundance of paralog genes 
encoding for alkane degradation proteins, makes it difficult to 
unravel the function and the physiological substrate(s) of individ- 
ual alkane degradation proteins (Takai et al., 2012). Second, the 
virulence of these strains have only been examined with respect 
to a single insect target (G. mellonella), it is possible that some 
of these enzymes may have substrates found on other targets 
not present on G. mellonella. Thus, assaying a diversity of target 
insects may reveal differential contributions of various P450s to 
the pathogenic process toward specific insects. If properly demon- 
strated, this would support the idea that P450s can act as insect 
target specificity factors, contributing to the broad host range 
nature of B. bassiana. 

BIOCHEMICAL CHARACTERIZATION OF B. bassiana 
CYTOCHROME P450s 

B. bassiana CYP52(X1) has been expressed in a yeast 
(Saccharomyces cerevisiae) heterologous expression system 



the tree. All the analyses were performed at the online platform 
Phylogeny.fr (Dereeper et al., 2008, 2010). Numbers at nodes indicate 
SH-like branch support. Scale bar indicates number of amino acid 
substitutions per site. Amino acid substitution model John Taylor 
Thornton (JTT). 



and its activity examined in yeast-derived microsomal extracts 
(Zhang et al., 2012). This yeast system has been optimized for 
expression of cytochrome P450s and contains elevated amounts 
of the needed companion reductase for activity (Pompon et al., 
1996). Intriguingly, although a low spin heme spectrum was 
detected in yeast microsomes isolated from expression-induced 
cells harboring the Bbcyp52xl plasmid construct, no CO differ- 
ence spectral shift, a tell-tale biophysical signal for cytochrome 
P450 content, was observed. The (ER-derived) microsomes, 
however, displayed NADPH-dependent oxidation of a number 
of substrates under conditions in which no activity was detected 
in control microsomes derived from wild type yeast cells or 
cells transformed with an empty vector. Use of radiolabeled 
lauric and oleic acids followed by GC/MS analysis confirmed 
CYP52X1 mediated NADPH-dependent regioselective addition 
of a terminal hydroxyl to both substrates. TLC analysis of reaction 
products using a variety of other fatty acid substrates revealed 
that CYP52X1 displayed highest activity against C12:0, C14:0, 
and epoxy stearic acid, 4-8-fold lower activity against C16:0, 
C18:l, and C18:2, and little to no activity toward C9:0 and C18:0 
(Zhang etal., 2012). 

Additional B. bassiana proteins, namely, CYP5337A1, 
CYP617N1, CYP53A26, and CYP584Q1 have also been expressed 
in the same yeast system. These constructs contained N-terminal 
his-tags which have been used for partial purification using 
immobilized metal ion chromatography (Ni 2+ IMAC) (Figure 7). 
Of the proteins examined thus far, only CYP53A26 showed a 
CO spectrum corresponding to the oxidized protein, including a 
peak at 426 nm and a small shoulder at 450 nm (Figure 7). The 
rest of the proteins showed no CO difference spectral shift when 
dithionite was added (data not shown). Poor or atypical CO 
spectra have been reported for a number of cytochrome P450s 
including some plant P450s that have weak affinity for CO (Lau 
et al., 1993), and P450 19A1 (human aromatase) which does not 
bind CO (Harada, 1998; Gartner et al, 2001). Our data suggest 
that the number of P450s with atypical CO spectra is greater than 
what is currently thought. 

FATTY ALCOHOL AND ALDEHYDE DEHYDROGENASES 

Upon terminal hydroxylation of alkanes to fatty alcohols by 
P450ALKs, fatty alcohol and aldehyde dehydrogenases (FADHs 
and FALDHs) oxidize the fatty alcohols to fatty aldehydes and 
fatty acid, respectively. There have been few reports examining 
fungal very long chain alcohol and aldehyde dehydrogenases, and 
little is known concerning their potential role in the oxidation 
of the fatty alcohol products of P450 activity. Dehydrogenases, 
however, are considered to yield the fatty acids that feed into the 
f5-oxidation pathway. Fatty alcohol dehydrogenases (FADHs) are 
mainly linked to the biosynthesis of mannitol, an important intra- 
cellular carbohydrate factor that participates in stress tolerance 
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FIGURE 6 | Maximum likelihood phylogenetic tree of clan 53 
cytochrome P450s. 
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FIGURE 7 | (A) SDS-PAGE of partial purified proteins using immobilized 
metal ion chromatography (Ni 2+ IMAC): vector without insert (lane 1), 
CYP52X1 (lane 2), CYP5337A1 (lane 3), CYP617N1 (lane 4), and CYP53A26 
(lane 5). Examined proteins were expressed in the yeast Saccharomyces 
cerevisiae WAT11. The cells were transformed with the lithium acetate 



method (Ito et al., 1983) for microsome isolation purposes. Proteins were 
solubilized with 10% w/v sodium cholate and loaded onto the column. (B) CO 
difference spectrum of CYP53A26: Sodium dithionite and CO were added to 
the purified protein, and absorbance between 400 and 500 nm was 
measured. 



and has even been linked to virulence in certain fungal pathogens. 
M. anisopliae has 17 zinc-containing alcohol dehydrogenases 
(Gao et al., 201 1). FALDHs, responsible for the oxidation of var- 
ious aldehydes to their corresponding carboxylic acids are widely 
distributed in filamentous fungi. Although little empirical data 
is currently available, it is postulated that in entomopathogenic 
fungi specific FALDHs may exist with substrate specificity for 
the aldehydes present or generated during cuticular hydrocar- 
bon assimilation. Two M. anisopliae FALDHs have thus far been 
examined in relation with cuticle degradation, and these have 
been shown to be up-regulated in when the fungus is grown in 
the presence of insect cuticles as compared to growth in sugar- 
rich media (Freimoser et al, 2005). It is likely therefore that the 
observed induction of these genes in the presence of insect cuticle 
is a consequence of the availability of aldehydes resulting from the 
oxidation of cuticular hydrocarbons. 

In the Aspergillus nidulans ethanol utilization pathway, FALDH 
and FADH are co-regulated, at the transcription level, via the ale 
regulon (Flipphi et al., 2001). Aside from ethanol and acetalde- 
hyde, other inducers of the ale system including amino acids 
and other aliphatic alcohols have been identified. However, it is 
thought that the real physiological inducers are aldehydes, and 
that the other examined compounds are first converted to their 
corresponding aldehydes in order to act as inducers (Flipphi et al., 



2001). Analysis of the promoter region of the FALDH aldl of 
the mycorrhizal fungus Tricholoma vaccinum revealed the pres- 
ence of five putative stress response elements (STREs) (Asiimwe 
et al., 2012). These elements have also been detected in the pro- 
moters of several B. bassiana CYP genes (Pedrini et al., 2010), 
suggesting common induction/regulatory compounds and path- 
ways function to co-regulate FALDH, FADH, and CYP activities. 
It should be noted that alternative pathways also exist; the alkane- 
assimilating yeast C. maltosa is able to catalyze the production of a 
cascade of mono-oxidation products followed by di-terminal oxi- 
dation of substrates to yield a-co acids. These reactions can be 
catalyzed by a single P450 enzyme and include both alcohol and 
aldehyde intermediates but do not use the corresponding dehy- 
drogenases (Scheller et al., 1998). Although no evidence exists for 
such pathways in B. bassiana, at this time they cannot be excluded. 

Feeding of hydrocarbon assimilation products into central 
metabolic pathways (Figure 4) may also contribute to the B. 
bassiana pathogenic lifecycle. Isocitrate lyase (ICL) and malate 
synthase (MLS) are not only up-regulated during growth on 
two-carbon compounds including acetate and ethanol, but also 
during growth in insect hemoplymph (Padilla-Guerrero et al., 
201 1). In M. anisopliae, icl is up-regulated during the initial infec- 
tion stage of appressoria formation as well as during late host 
growth events when the fungi are engulfed by insect heamocytes, 
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highlighting the contribution of the glyoxylate cycle in pathogen- 
esis (Padilla-Guerrero et al., 2011). Production of metabolic acids 
by entomopathogenic fungi, potentially resulting from cuticular 
hydrocarbon recognition and assimilation cues, can also directly 
participate in insect virulence; and citrate, formate, and oxalate 
have been shown to contribute to B. feassiana virulence (Bidochka 
and Khachatourians, 1991; Kirkland et al., 2005). Oxalate pro- 
duction in particular contributes to pathogenesis via acidification 
of host tissues, sequestration of metal ion such as calcium, mag- 
nesium, manganese, and iron and could inhibit or disrupt host 
defense responses (Kirkland et al., 2005). 

CATALASES 

Fatty acids are completely catabolized through fi-oxidation. 
Peroxisomal proliferation together with a marked induction of 
the P-oxidation system has been related to alkane-growth adapta- 
tion in B. bassiana (Crespo et al, 2000). The typical peroxisomal 
marker enzyme is catalase, a hemoprotein that decomposes excess 
H2O2 produced by P-oxidation. Peroxisomal catalase induction 
was observed in alkane-grown B. bassiana, a high increment in 
the catalase activity (14-fold) was measured in these fungi com- 
pared with control cultures grown in complete medium (Pedrini 
et al., 2006). Catalase activity was also detected in the cytosolic 
fraction of B. bassiana, although this isoform was not induced in 
the same culture condition (Pedrini et al, 2006). Catalase induc- 
tion was proposed as a simple biochemical marker to follow the 
course of fungal growth adaptation in insect-like hydrocarbons 
and was correlated with enhance virulence parameters (i.e., lower 
LC 50 and/or LT 50 ) (Crespo et al, 2002; Pedrini et al, 2007, 2009). 

The catalase family of B. bassiana consists of at least five 
genes designed as; catA (spore-specific), catB (secreted), catP 
(peroxisomal), catC (cytoplasmic), and catD (secreted peroxi- 
dase/catalase). The functions of these genes and their protein 
products have been studied via generation of single targeted gene 
disruption mutant strains (Wang et al., 2012). CatB appeared to 
account for the predominant catalase activity produced by the 
fungus with AcatB mutants displaying ~90% decrease in total 
catalase activity, however AcatP mutants were reported to results 
in ~55% decrease in total catalase activity, suggesting negative 
pleiotropic effects between certain catalases. Intriguingly, AcatB 
(and AcatC) mutants displayed only minor phenotypic effects, 
which the authors explain by the observation of up-regulation of 
the other catalases in these mutants and hence potential func- 
tional redundancy. If correct, it is unclear, however, how this 
would explain the low (~10% of wild-type) activity seen in the 
AcatB mutant. AcatA strains were more theromosensitive than 
the wild type parent, showed a ~50% decrease in UV-B resistance, 
decreased virulence in insect bioassays, and conidial sensitivity 
to H2O2 although colony growth in the presence of H2O2 was 
essentially unaffected. AcatD strains were unaffected in thermal 
stability and oxidative stress in general, but did display reduced 
UV-B tolerance and virulence in insect bioassays. Deletion of the 
peroxisomal catalase (catP), the enzyme most likely to be involved 
in hydrocarbon assimilation pathways, resulted in increased sen- 
sitivity to oxidative stress both on the conidial germination level 
and during colony (vegetative) growth. AcatP mutants were 
essentially unaffected in thermal sensitivity and UV-B tolerance, 



but displayed ~50% decrease in virulence (LT50) indicating that it 
is an important enzyme involved in the pathogenic process (Wang 
et al, 2012). Although alkane and hydrocarbon assimilation in the 
catP (or other catalase) mutants has not yet been examined, these 
data suggest that peroxisomal catalases might be crucial factors 
for adaptation to oxidative stress generated during fungal growth 
on insect alkanes and other hydrocarbons. 

INSECT CUTICULAR HYDROCARBONS SYNTHESIS AND 
FUNGAL HYDROCARBON ASSIMILATION— AN EXAMPLE OF 
"RED QUEEN" CO-EVOLUTION? 

The co-evolutionary arms race between a pathogen and its tar- 
get host has been referred to as the "Red-Queen Hypothesis," 
and is taken from Lewis Carroll's Through the Looking Glass, 
where in the Red Queen's race "it takes all the running you can 
do, to keep in the same place" (Van Valen, 1973). The hypoth- 
esis is that target hosts evolve mechanisms for resistance against 
pathogens, and that pathogens, in turn, evolve mechanisms for 
surmounting the evolving host defenses. Could insect cuticular 
hydrocarbon synthesis be under a Red Queen selection mech- 
anism? It is undoubtable that the insect epicuticle layer, with 
its complexity of hydrocarbons serves as a means for protection 
against abiotic stress, e.g., desiccation, heat, and even potentially 
UV irradiation, and that this layer serves as a platform for semio- 
chemicals involved in insect communication and signaling. It is 
also clear that many of the hydrocarbons present in the epicu- 
ticle have antimicrobial properties and suppress the growth of 
microbes. Antimicrobial mechanisms maybe passive in that these 
hydrocarbons are poor substrates for most microbes and that they 
can effectively sequester nutrients from scavenging and/or attack- 
ing parasites. However, there is ample evidence for the existence of 
chemically diverse species-specific antimicrobial compounds tar- 
geted for secretion to the insect epicuticle. Both such molecules 
must be overcome for successful pathogenesis to occur. Specific 
antimicrobial compounds would require detoxification and/or 
remediation that occur via enzymatic inactivation and/or efflux 
or sequestration of such molecules via multidrug-effiux systems. 
In this respects B. bassiana displays a high level of resistance to 
many antifungal compounds and genomic analyses has revealed 
a large set of detoxifying enzymes as well as efflux transporters. 
Insect epicuticles, however, often contain significant amounts of 
long chain hydrocarbons, whose purpose regarding abiotic stress 
and/or semiochemicals potential are obscure. However, long(er) 
chain hydrocarbons become increasingly difficult for microbes 
to assimilate and can directly inhibit the growth of many bac- 
teria and fungi. As elongation reactions in insect hydrocarbon 
biosynthesis typically add two-carbons to the growing chain, 
from a biochemical and physiological stand-point, increasing 
chain length and secreting/transporting the products to the epi- 
cuticle represents a facile mechanism to thwart the growth of 
potential pathogens. Successful pathogens, in turn must develop 
mechanisms for bypassing and/or degrading the ever-growing 
hydrocarbon chain lengths. In short, could fungal pathogens help 
explain the diversity and chain length of insect hydrocarbons on 
the one hand, and the evolution of specific enzymes (cytochrome 
P450s) and pathways to assimilate these lipids on the other? It 
should be noted that to date, there is little empirical evidence 
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to support this idea, however, such a hypothesis does make cer- 
tain predictions and can help explain certain phenomena. First, 
one would predict that insects that make longer chain hydrocar- 
bons that B. bassiana cannot assimilate would be more resistant 
to fungal infection or vice versa that insects which display resis- 
tance to B. bassiana do so because of epicuticular lipid content, in 
particular by synthesizing longer and/or branched-chain hydro- 
carbons. Second, epicuticular hydrocarbon content may explain 
strain variation and sub-specificity seen between different fungal 
isolates. Finally, it is known that even amongst some (B. bassiana) 
susceptible insect species certain developmental stages (instars) 
are more resistant than others. Since epicuticular hydrocarbons 
are known to vary between such developmental stages, one could 
predict that these differences may help account for the variation 
in pathogen susceptibility observed. 

CONCLUDING REMARKS 

The lipid-rich insect epicuticle represents the first barrier against, 
and mediates the initial interaction with, microbial pathogens. 
Targeting of this layer by the entomopathogenic fungus Beauveria 
bassiana occurs within the context of a host-pathogen inter- 
action. Aspects of the biochemical basis for fungal mediated 
hydrocarbon oxidation and assimilation have been uncovered. 
Genomic, genetic, and biochemical data indicate that the fun- 
gus contains a repertoire of cytochrome P450 enzymes, likely with 
over-lapping specificities, along with attendant downstream path- 
ways, that act to assimilate insect hydrocarbons. There remain, 
however, many unanswered questions and significant aspects 
of the fungal-epicuticle interaction remains obscure. The sub- 
strate specificities of only one B. bassiana cytochrome P450 
has been examined, and questions concerning the uptake and 
transport of hydrocarbons into the fungus have yet to be ade- 
quately addressed. The idea that epicuticular hydrocarbon syn- 
thesis and fungal assimilation of these compounds may represent 
a co-evolutionary race needs empirical support. Further research 
aimed toward examining these and other questions can yield 
novel insights into the biochemistry of hydrocarbon degrada- 
tion as well as into the ecology and evolution of the interaction 
between fungal entomopathogens and their insect hosts, and can 
impact practical applications of fungi in biological control of 
insects and/or exploitation of the fungal hydrocarbon pathways 
in biotechnological applications. 

MATERIALS AND METHODS 

CHEMICAL REAGENTS AND CULTIVATION OF FUNGI 

Beauveria bassiana (ATCC 90517) was routinely grown on potato 
dextrose agar (PDA) or Czapek-Dox plates. Plates were incu- 
bated at 26° C for 10-15 days and aerial conidia were harvested 
by flooding the plate with sterile distilled water. Conidial sus- 
pensions were filtered through a single layer of Miracloth and 
final spore concentrations were determined by direct count 
using a hemocytometer. The S. cereviseae WAT 11 strain was 
used for heterologous expression of B. bassiana cytochrome 
P450s. Yeast cells were grown at 30° C in Difco Yeast Nitrogen 
Base medium without amino acids (YNB-aa, 6.7 g/L) con- 
taining glucose or galactose at 2%(w/v) with supplements as 
indicated. Chemical reagents were obtained from either Fischer 



Scientific or Sigma-Aldrich chemicals unless otherwise noted. 
Phosphinothricin was purchased from Gold Biotech or purified 
in the lab from the herbicide Finale (AgrEvo, Montvale, NJ) as 
described (Metzenberg et al, 2000). 

NUCLEIC ACID MANIPULATIONS AND CONSTRUCTION OF B. bassiana 
CYTOCHROME P450 KNOCKOUT STRAINS 

All primer sequences for the nucleic acid manipulations, RT- 
PCR, Southern blot probe generation, and yeast expression vector 
construction are listed in Table 3. To generate the vector for con- 
struction of the cytochrome P450 knockout strains in B. bassiana 
via homologous recombination, fragments for each gene (see 
Table 1 for list of P450s and accession numbers) were amplified 
from genomic DNA using the primer pairs as listed in Table 3. 
PCR products was cloned into the pCR2.1-TOPO blunt-end vec- 
tor (Invitrogen) generating pTOPO-Bbcyp450xxx clones for each 
gene. Long-range deletion inverse PCR using the primer pair 
for each gene (Table 3) were then used to produce linear frag- 
ments lacking 50-200 bp of internal sequence for each gene using 
the respective pTOVO-Bbcyp450 plasmid of each gene as tem- 
plate. The generated linear DNA was then blunt-end ligated to 
a PCR product corresponding to the herbicide resistance gene 
(bar) cassette amplified from pBAR-GPE (Sweigard et al, 1997) 
using primer pair pBARF and pBARR. The integrity of each resul- 
tant gene replacement plasmid designated as pKO-Bbcyp450xxx, 
was confirmed by PCR and sequencing. Preparation of compe- 
tent cells, transformation, and screening of recombinant clones 
was performed as described using a PEG-LiAc mediated protocol 
(Zhang et al, 2010; Fan et al., 201 1). The transformation mixture 
(0.25-0.5 ml) was plated onto Czapek-Dox medium containing 
200 mg/ml phosphinothricin, 0.01% bromocresol purple, pH 6.3, 
in 150 mm diameter Petri dishes overlaid with a sheet of sterilized 
cellophane. Genomic DNA was isolated as described (Liu et al., 
2000). Putative B. bassiana gene knockout clones were screened 
and verified by PCR analysis using primers designed to each 
Bbcyp450 gene (Table 3). PCR reactions were performed using the 
following protocol: 95°C for 3 min, followed by 35 cycles of denat- 
uration at 95° C for 30 s, annealing at 56° C for 30 s, and extension 
at 72° C for 1 min. Transformants were confirmed by PCR and 
RT-PCR using primers as listed in Table 3. 

GROWTH AND GRASSHOPPER WING GERMINATION ASSAYS 

Fungal growth experiments of various hydrocarbons were per- 
formed as follows; fungal spores were harvested from PDA plates 
directly into sterile distilled water and were washed twice with 
the same solution; the suspension was then adjusted to 10 7 -10 8 
conidia ml -1 after counting using a hemocytometer. Spore sus- 
pensions (5-10 u,l) were then placed into the middle of microtiter 
agar plates (24- or 48-well). For 24-well plates, each well con- 
tained 1 ml MM in Noble agar overlaid with the desired alkane 
(0.1ml of al0% hydrocarbon stock solution in hexane) as a 
carbon source. Substrates tested included the following alkanes 
(0.1%); C9, C10, C12, C14, Ci6, Cis, C24, and C28- Grasshopper 
wings sterilized using 37% H2O2 were immersed in a conidial sus- 
pension in water at a concentration of 1 x 10 6 spores/ml for 20 s, 
and placed on 0.7% water agar. After incubation for 18 h, the 
germinated conidia were counted under a light microscope. 
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Table 3 | Primers used in this study. 



Name 


Sequence (5' to 3') 


Use 


pBARF 


GTCGACAGAAGATGATATTGAAGG 


KO strain 
construction 


pBARR 


TCATCAGATCTCGGTGACGGG CAG G 


KO strain 
construction 




P4F 


GTGTGCGTGATCCAGAGCTCTGC 


KO strain 
construction 


P4R 


GCACCAAGTTTCGAGACTGGGACAT 


KO strain 
construction 


P4KOF 


ACTTACGACCTATGCAGATGCGC 


KO strain 
construction 


P4K0R 


GTTGGCTTGTATGGGATTACGCC 


KO strain 
construction 


P4RTPCRF 
P4RTPCRR 


CACATTGTTGTACGCGGTACTTTGC 
TATGGTCCGGATGCAATGGAGTGG 


KO screening 
KO screening 


CYP52G11 KNOCKOUT 


P5F 


C G CTCACTG CTATCCTC ATC G G C 


KO strain 
construction 


P5R 


CAG AAC AG C G ATAAC GTG ACG AG CT 


KO strain 
construction 


P5KOF 


CAAG G G CG G CTG G G AATATCTC 


KO strain 
construction 


P5KOR 


TTCTCGTAGCCGCCAAAGGTCT 


KO strain 
construction 


P5RTPCRF 
P5RTPCRR 


CTCCTCAACGTCCTCCTCGCCGG 
GAGGAGTCGGGCGAGGACGTAAC 


KO screening 
KO screening 


CYP617N1 KNOCKOUT 


P7F 


GAAAGCCCCAACGAAGGCCTGAT 


KO strain 
construction 


P7R 


GAAGTTGCCCGGTCCCTTGTCAA 


KO strain 
construction 


P7KOF 


GGACAAGTCTCTTCTTGACGAAAGCA 


KO strain 
construction 


P7KOR 


ATTGGTCGCATTCTTGCCGCC 


KO strain 
construction 


P7RTPCRF 
P7RTPCRR 


TGGGATTGGTGCCGTGGGCAA 
CCTGTATGCACATTTCCATTCCGCC 


KO screening 
KO screening 




P8F 


CCGTCATTGTCCCGAGCCAAGAA 


KO strain 
construction 


P8R 


TGGCAACGGATGCAAAGACCAAGAC 


KO strain 
construction 


P8KOF 


CTGGACGCCGTCATTCCCGAG 


KO strain 
construction 


P8KOR 


CGGGTTCTCGATTCGGCTCTTG 


KO strain 
construction 


P8RTPCRF 
P8RTPCRR 


ATTCGGCATGTTGGCGAGTGGTAT 
AGGTCGGCACGCTCAAGACGGT 


KO screening 
KO screening 



(Continued) 



Table 3 | Continued 



Name Sequence (5' to 3') Use 







c^cctt Arnr a aptaptp a^pptttp atp 

uLL I UALuUAAL IMU I I I I l^MI U 


mj sixain 






construction 


Ep(2)R 


CGCAGACTCATTCTGGACCATCATTTG 


KO strain 






construction 


Ep(2)KOF 


CAAACTATGGCGGCTACCGGT 


KO strain 






construction 


Ep(2)KOR 


GTCGTGAGCTAGGAATCTGCGCA 


KO strain 






construction 


Ep(2)RTPCRF 


CTCCTAGACAGCGTGAGCCTCCCAT 


KO screening 


Ep(2)RTPCRR 


GGTGCTGCCTGATGGGCTCGAC 


KO screening 


CYP5337A1 EXPRESSION 


EP(4)F 


G G ATTAATAATG G CG CTCACTG CTATC CT 




EP(4)R 


GGGTTAATTTAGTGGTGGTGGTGGTGG 






TGGACAGCCTCGTGCAGGCGGAC 




CYP617N1 EXPRESSION 


EP(7)F 


GGATTAATAATGGCCGTGGTTGAGCTC 




EP(7)R 


GGGTTAATTTAGTGGTGGTGGTGGTGGT 






GTCGCCTAGCCAGTGCATCTC 




CYP53A26 EXPRESSION 


EP(8)F 


G G ATTAATAATG G CTCTCG G CCAACTT 






GCC 




EP(8)R 


GGGTTAATTTAGTGGTGGTGGTGGTGGT 






GTTGCAGCTTTTCTTCTGCATTCTG 




ActinF 


TTGGTGCGAAACTTCAGCGTCTAGTC 


RT-PCR 


ActinR 


TCCAGCAAATGTGGATCTCCAAGCAG 





HETEROLOGOUS EXPRESSION OF B. bassiana CYTOCHROME P450s IN 
YEAST 

The coding region of CYP5337A1, CYP617N1, CYP53A26, and 
CYP584Q1 genes were cloned from a B. bassiana cDNA library 
by PCR using primer pairs as listed in Table 3. The resultant 
PCR product corresponding to each gene was designed to con- 
tain an 18 bp (6 amino acid) histidine tag and the products were 
cloned into pYeDP60 under the control of a GAL1 promoter. 
The sequence integrity of plasmid inserts were confirmed by 
sequencing and plasmids were then transformed into S. cerevisiae 
WAT11, a yeast strain engineered and optimized for cytochrome 
P450 expression, using a lithium acetate protocol (Pompon et al., 
1996). Transformants were selected on YNB w/o amino acids, 2% 
glucose and auxotrophic supplements and the expression strain 
designated as Sc-Bbcyp5337al, Sc-Bbcyp617Nl, Sc-Bbcyp53a26, 
and Sc-Bbcyp584ql, respectively. 

Yeast cultures were grown and heterologous expression of each 
CYP (CYP5337A1, CYP617N1, CYP53A26, and CYP584Q1) was 
induced as described in Pompon et al. (Pompon et al., 1996) 
from one isolated transformed colony. Briefly, after growth, cells 
were harvested by centrifugation and manually broken with glass 
beads (0.45 mm diameter) in 50 mM Tris-HCl buffer (pH 7.5) 
containing 1 mM EDTA and 600 mM sorbitol. The homogenate 
was centrifuged for 10 min at 10,000 g. The resulting supernatant 
was centrifuged for lh at 100,000 g. The pellet consisting of 
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microsomal membranes was resuspended in 50 mMTris-HCl (pH 
7.4), 1 mM EDTA and 30% (v/v) glycerol with a Potter-Elvehjem 
homogenizer and stored at — 30°C. The volume of resuspension 
buffer is proportional to the weight of yeast pellet: microsomes 
extracted from 6 g of yeast are resuspended in 3 ml of buffer. 
All procedures for microsomal preparation were carried out at 
0-4°C. Western blots were performed using standard proto- 
cols. Mouse anti-His monoclonal antibodies were obtained from 
Invitrogen. 

CYP SOLUBILIZATION AND PARTIAL PURIFICATION 

Microsomal fractions were treated with 10% (w/v) sodium 
cholate solution (final concentration 1% w/v) for 30min at 4°C, 
in order to solubilize proteins from membranes. After ultra- 
centrifugation (100,000 g, 60 min, 4°C) supernatants were loaded 
onto Ni-NTA columns and purified by immobilized metal-ion 
affinity chromatography (IMAC) following standards protocols. 
Eluted fractions were analyzed by SDS-PAGE. Fractions contain- 
ing the tagged protein were pooled, concentrated, and assayed for 
P450 content. 



MEASUREMENT OF REDUCED CARBON MONOXIDE (CO) DIFFERENCE 
SPECTRA 

The reduced CO difference spectra were measured in an 
Ultrospec 2100 pro spectrophotometer (Biochrom Ltd., 
Cambridge, UK) as described (Schenkman and Jansson, 2006), 
with minimal modifications. Briefly, samples were diluted to 1 mg 
ml -1 protein, CO was slowly burbled into the cuvet for about 
30 s, and a few milligrams of sodium dithionite were added. After 
stirring and waiting 1 min, the difference spectrum was recorded 
between 400 and 500 nm. Protein concentrations were deter- 
mined by the Pierce bicinchoninic acid microassay, using bovine 
serum albumin as standard. 
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